Total organic carbon (TOC) and total nitrogen (TN) concentrations and C and N stable isotope compositions in 64 surface sediment samples from the mouth of the Yellow River (YR) and from the Bohai Sea (BS) outline the distribution and sources (terrestrial and marine) of sediment organic matter. Comparatively high TOC (0.5e0.9%) and TN (0.07e0.11%) concentrations in the Central BS correlate with finegrained sediments that contain high concentrations of algal-derived organic carbon (AOC) and biogenic silica (BSi). Together, they indicate a dominant contribution of autochthonous organic matter from marine primary production. Low TOC (<0.2%) and TN (<0.03%) contents characterize surface sediments in the Bohai Strait and are typically associated with coarse-grained sediments of low AOC and BSi contents. 15 N values are in the typical range of marine organic matter produced from assimilation of marine nitrate by phytoplankton (5e5.5‰), but some relatively high values (6e7.28‰) mark the southern area of the Laizhou Bay as a significant sink of anthropogenic nitrogen.
Introduction
Organic matter (OM) in transitional waters (e.g., coasts and estuaries) is generally a mixture originating from allochthonous (e.g., river inputs) and autochthonous sources (e.g., marine primary production) (Meyers, 1994; Hedges et al., 1997; Tesi et al., 2007) . Discrimination of OM sources is important for understanding the cycle of carbon and nitrogen in coasts and estuaries because approximately 90% of organic carbon is buried there, particularly near large river mouths (Meybeck, 1982; Hedges et al., 1997) . A number of geochemical approaches (e.g., isotopes of C and N, biomarkers) have been used to elucidate the sources of OM in coastal and estuarine systems (e.g., Andrews et al., 1998; Ramaswamy et al., 2008) . The application of C and N isotopes relies on their sourcespecific signatures. A typical range of d 13 C values for terrestrial C 3 plants is from À26‰ to À28‰ and for marine phytoplankton from À19‰ to À21.9‰ (Fry and Sherr, 1984; Meyers, 1997) , and a mixture of marine and terrestrial OM typically has a d 13 C value of À23‰ (Pancost and Boot, 2004) . The ratio of stable nitrogen isotopes (expressed as d 15 N) in marine nitrate generally ranges from 3‰ to 6‰, but sewage and manure can significantly elevate them to 10e25‰ (Heaton, 1986; McClelland and Valiela, 1998; Savage, 2005) .
The Yellow River (YR) is one of the world's largest rivers, and it provides approximately 50% of the freshwater discharged into the Bohai Sea (BS) every year (Wang et al., 2006) . The YR plume flows northeastward into the Laizhou Bay (LB) and the Central BS, and it can even reach the Bohai Strait, impacting nutrient levels and affecting the thermohaline circulation and sedimentary environment in the BS (Lin et al., 2001; Wang et al., 2006) . The estimated sediment discharge of the YR before 1970 was~1.08 Gt a À1 ; the discharge rapidly dropped to~0.15 Gt a À1 since 2000 due to reduced rainfall and artificial regulation of water and sediment discharge (Wang et al., 2006) . Reduced freshwater and sediment discharge profoundly impacted the physical, biogeochemical and biological environment in the sea surrounding the delta of the YR. For example, Hu et al. (2015) estimated that the particulate organic carbon discharge of the YR has decreased from 4. Su et al. (2015) reported that the DIN concentrations near the YR mouth can reach up to 70 mM in the summer due to increased river input. This eutrophication has resulted in frequent harmful algal blooms and the development of low oxygen environments near the sea floor (Shan et al., 2013) . The YR is a massive source of terrestrial organic carbon, but there are only limited data on organic matter distribution and origin in sediments near the YR mouth and in the adjacent shallow Bohai and Yellow Seas, although they constitute a major carbon sink of global significance (Hu et al., 2009; Lin et al., 2014) . Whereas Hu et al. (2009) studied the OM distribution in the BS and noted that the YR delta and fore-delta are the main carbon sinks, there is yet no relative estimate of the proportions of allochthonous (terrigenous) and autochthonous (marine phytoplankton) material in the sediments, and little information is available on the isotopic composition of sedimentary nitrogen that would shed light on dominant nitrogen sources. In this paper, we map the spatial distribution of organic carbon, total nitrogen and biogenic silica (BSi) in the YR mouth and adjacent sea, elucidate the carbon and nitrogen sources based on their isotopic composition and use a simple end-member mixing model to assess the relative contributions of marine and terrestrial organic matter.
Materials and methods

Study area and sampling methods
The BS is a shallow, semi-enclosed inland sea with surface area of 7.7 Â 10 4 km 2 and an average depth of 18 m (Fig. 1) . The LB (with an area of approximately 7000 km 2 and water depths in most areas that are less than 10 m) is located in the southern BS and receives input from the YR (Fig. 1) . Aside from the YR, more than 10 continental rivers (e.g., the Xiaoqing, Bailang, Guangli, Wei, and Jiaolai Rivers) discharge into the LB, and they bring abundant nutrients into the bay that supports high primary productivity. The circulation in BS is mainly driven by tidal currents, and intrusions of Yellow Sea waters and YR discharge also play important roles in the thermohaline circulation and sedimentary environment (Guan, 1994; Su, 1998) . In winter, the Yellow Sea Warm Current (YSWC) intrudes and crosses the Bohai Strait, typically moving westward along the central part of the sea and then splitting into two branches. The first moves toward the northeast to form a clockwise gyre, and the second veers southward and then turns eastward along the southern coast to form a counter clockwise gyre (Fig. 2a) . The YSWC disappears in summer, and eddies generated in the BS are more pronounced than in winter. Whereas the central eddy disappears in summer, the eddy in the LB is pronounced, and a coastal current along the southern and western coastlines of the BS is established (Fig. 2b) (Hainbucher et al., 2004) .
The sample pool covers a region near the YR mouth, the LB and the Central BS (Fig. 1b) , and includes thirty-one sites in the Central BS (Fig. 1b) and thirty-three sites in the YR mouth and the LB (Fig. 1c) . Surface sediments were collected with a box corer (0.1 m 2 )
at each site during two summer cruises in 2011. The top 2 cm were sampled and kept in a freezer on the ship, and then were transported back to the laboratory for analysis.
Analysis of sediment grain size
The grain size of sediments was analysed by a Mastersize 2000 Laser Particle Sizer in the laboratory. The sediment samples were first oxidized by 10% H 2 O 2 to remove organic matter, and then dispersed in a 0.05% (NaPO 3 ) 6 solution to disaggregate particles.
Grain sizes were classified into clay (<4 mm), silt (4e63 mm) and sand (>63 mm) according to standard nomenclature (Folk et al., 1970) .
Analysis of organic carbon and nitrogen
Freeze-dried sediment samples were homogenized by grinding, and then the weighed aliquots were acidified by adding 2 mL of 1 M HCl to every 100 mg of sample. The acidified samples were dried at >60 C under a stream of filtered air, then mixed with 1 mL Milli-Q water and freeze-dried again. Samples were weighed again to account for the change of weight during the acid treatment. Aliquots of approximately 20 mg were weighed into 5 Â 8 mm tin capsules for the measurement of total organic carbon (TOC), total nitrogen (TN), and carbon and nitrogen isotopes (d 15 N values of acid treated samples were systematically higher by 0.5‰ at total carbon (TC) concentrations of the samples <1.5 weight%. At higher TC concentrations, the difference varied unsystematically and differences were larger. This is very likely an effect of the amount of acid needed to remove inorganic carbon (TIC), which in the sample set analysed in both laboratories averages 0.76 weight% (TIC range 0.11e1.55 weight %, or 1e13% CaCO 3 ). The mean TC concentration of the entire sample set analysed in Germany from the Bohai Sea is 1.2 weight %. We chose to use the larger data set based on acidified samples as the basis for this paper, and alert the reader to the possible bias.
Analysis of biogenic silica (BSi)
Three replicates of each sediment sample were analysed using the wet alkaline leaching method (DeMaster, 1981; Kamatani and Oku, 2000) . The sediment samples were freeze-dried and homogenized, and a subsample of 0.15 g of each sediment sample was weighed into a 100 mL polypropylene centrifuge tube. First, 10 mL of 10% H 2 O 2 and 10% HCl were added to the samples to remove organic matter and carbonate, respectively, and then the extra hydrochloric acid and peroxide were washed out using Milli-Q water. The wet samples were placed in an oven to dry over night at 60 C, and then were extracted with 2 M Na 2 CO 3 at 85 C for an 8-h digestion. It is necessary to gently swirl the samples for homogenization during the digestion processes. At 1-h intervals, 0.1 mL of alkaline solution was extracted for measurement by the molybdate blue spectrophotometric method using OUXI TU-1810.
Results and discussion
Spatial distribution of TOC, TN, BSi and C/N
TOC and TN contents range from 0.08 to 0.9% and 0.01e0.11% (Table 1) . High values (TOC > 0.5%; TN > 0.07%) mainly occur in the west of the Central BS and in a small region near the Liaodong peninsula, and low values (TOC < 0.2%; TN < 0.03%) dominate in the Bohai Strait and in a small middle region in the Central BS (Fig. 3a,  b) .
The spatial distribution of TOC and TN in the study area mirrors variable dilution with detrital material. Due to the high suspended matter discharge of the YR, the sediment deposition rates in the BS are variable and range from 1 to 9 cm a À1 in the YR mouth and the LB to 0.1e0.4 cm a À1 in the Central BS and the Bohai Strait (Ren and Shi, 1986; Zhu and Chang, 2000; Li et al., 2002) . High deposition rates of detrital material dilute the OM from primary production, so that the bulk of organic carbon and total nitrogen in the sediment near the discharge area is associated with the river suspended load. Moreover, primary production is limited by high turbidity in the river plume, and results in low phytoplankton-derived organic carbon deposition rates. This phenomenon is observed in other large rivers with high suspended matter loads, e.g., the Yangtze, Pearl and Ayeyarwady Rivers (Zhang et al., 1990; Hu et al., 2006; Ramaswamy et al., 2008) . Sediment grain size is indicative of kinetic energy at the sea floor, and also determines whether diffusive or advective processes act on the preservation of OM during early diagenesis. Generally, fine-grained sediments have higher %TOC than coarse sediments (Canfield, 1994) , and the fine-grained sediments (mud and silt) dominating in the Central BS are associated with higher OM contents, whereas coarse-grained sediments (silty sand and sand) in the Bohai Strait have the lowest OM concentrations (Fig. 4) . The speed of bottom currents in the Bohai Strait (1.5e2.0 m s À1 ) is much faster than in the Central BS (0.5e1.0 m s À1 ) and the LB (0.5 m s À1 ) (Qiao et al., 2010) . This is reflected in coarse-grained sediments in the Bohai Strait and implies selective winnowing and removal of OM from the sediment. BSi in the surface sediment reflects the contribution of siliceous phytoplankton (e.g., diatoms, silicoflagellates) that are the main primary producers in many coastal seas (DeMaster, 2002; Bern ardez et al., 2005; Krause et al., 2011) . BSi concentrations at the sampling sites ranged from 0.1% to 1.1% (Table 1) , and two areas with the highest values (BSi > 0.7%) (Fig. 3c) coincide with maximum TOC and TN areas in the Central BS (Fig. 3a, b) , suggesting significant OM contributions from marine production.
C:N ratios can be a potential indicator for elucidating marine and terrestrial organic matter (5e7 for marine-derived OM by Redfield et al., 1963 ; >12 for terrestrial-derived OM by Meyers, 1997) . However, mineralization, oxidation and significant fractions of inorganic nitrogen impact C:N ratios and limit their usefulness as source indicators (Andrews et al., 1998; Kuwae et al., 2006) . In this study, a significant linear correlation between TOC and TN indicated that N is predominantly bound to OM (Fig. 5a) . C:N ratios varied from 5.8 to 11.7 (Table 1) , indicating a mixture of marine and terrestrial sources. In comparison, higher values basically occurred nearby the rive plume to the BS (YR, Luan River, and Fuzhou River near Liaodong peninsula), suggesting the impact of land-derived inputs (Fig. 3d) . Some low C:N ratios prevailed in the LB (Fig. 3d) . Marine sediments with C:N lower than the Redfield Ratio were reported in some N-rich coastal environments, due to excessive supply of inorganic nitrogen from anthropogenic sources (Tyson, 1995; Ruttenberg and Goñi, 1997; Ramaswamy et al., 2008) .
This was explained in Section 3.3 combining with the result of d 15 N.
Spatial distribution of d
C
The d
13 C values range from À20.8‰ to À23.9‰ (Table 1) and indicate a mixture of organic carbon of marine and terrestrial sources (Pancost and Boot, 2004) which was consistent with previous results in large river mouth and BS ( Table 2 ). The trend toward higher values in the offshore direction reflects a relative increase in the contribution of marine-derived organic carbon (À19‰ to À21‰ for typical marine-derived organic carbon by Fry and Sherr, 1984) over the river-derived terrigenous fraction (d 13 C of À27.0‰) (Fig. 6a) . As expected, the lowest d
C values (<À23‰)
occur at the YR mouth, and the spatial distribution of low d
13 C values tracks the dispersal of YR-derived sediments in the YR mouth and the LB (Fig. 6a) . Previous studies of transport of YR sediment in the BS showed that river suspensions rapidly settle out of the river plume and that approximately 90% of the sediment load is deposited within 30 km of the YR mouth, whereas the YR plume flows northeastward into the LB and the Central BS and can even reach the Bohai Strait (Bornhold et al., 1986) . Zhang et al. (1990) estimated that only 5e10% of YR-derived sediments reach the central BS and/or the Bohai Strait. We estimated the relative proportions of terrestrial and marine organic carbon present in the sediments with the end-member mixing model of Shultz & Calder (1976) , which assumes discrete d 13 C values for terrestrial and marine end-member carbon. We assumed that the d 13 C of terrestrial carbon is À27.0‰, which is close to the C 3 plants that dominate in northern China (Guo et al., 2006) . A d 13 C of À20.3‰ was chosen as the marine end-member based on the d 13 C of BS phytoplankton (Wan et al., 2005) . The relative contribution of the terrestrial-derived organic carbon (f %) was calculated as (Minoura et al., 1997; Hu et al., 2006) :
The contribution of marine algae (f') to TOC was obtained from:
The content of algal-derived organic carbon (AOC) was calculated as:
The highest f values (40e50%) reveal the YR mouth (Fig. 6b) as the area with the highest terrestrial organic carbon contribution from the YR to the adjacent sea. In the Central BS, approximately 10e20% of the organic carbon is terrigenous, and the terrigenous carbon percentage diminishes to approximately 10% in the Bohai Strait (Fig. 5b) . Accordingly, AOC values are highest in the Central BS (Fig. 6c ) and correlate significantly with peak BSi and TOC concentrations (Fig. 5b) . (Table 1) , which is a typical range of marine organic matter produced from assimilation of the marine nitrate pool (Thornton and McManus, 1994; Brandes and Devol, 2002) . The lowest d
15 N values occur in the YR mouth (4e5‰; Fig. 7 ) and are similar to the range found in other high turbidity river discharge systems (Table 2) , reflecting the dominant contribution of river suspended load to sediment organic matter. River suspended matter is quite variable, but has generally lower d
15 N values than sinking organic matter in the sea, due to the contributions of terrestrial plant and soil nitrogen (Altabet, 1996) . The d
15
N values of suspended matter in the YR were reported to range from þ3.2 to þ4.5‰ (Zhang et al., 2012) , in line with our data. A second process that enhances the gradient is incomplete utilization of nitrate and the associated d 15 N enrichment of residual nitrate in the river plume caused by light limitation in turbid waters.
In contrast, the highest d
15 N values (6e7.4‰) were observed in the southern coast of the LB (Fig. 7) . There are more than 10 continental rivers discharging into the southern coast of the LB, and watersheds receive the nitrogen from fertilizer and manure used on farmlands, urban sewage input and aquaculture (Table 3 ). In general, nitrate delivered from farm runoff and human sewage has elevated d 15 N values between 10-25‰ (Heaton, 1986; Kendall, 1998) . In Baltic rivers, Voss et al. (2006) 15 N values in ground water impacted by waste water input were generally in a range of 6e8‰ (Cole et al., 2006) . Unfortunately, we did not find values of (Table 2) . Monitoring data (Bulletin of China Ocean Environmental State, 2009e2014) also suggested the impact of anthropogenic nitrogen input, and classified the southern coast of the LB as a heavily polluted area, which means that DIN concentrations of sea water reach the national standard of nitrogen pollution (>28 mM). Some in situ surveys even found that DIN concentrations in summer can reach to 38.6e70 mM (Xia et al., 2009; Su et al., 2015) . This information not only explained why the lowest C:N ratios (Fig. 3d ) occurred in the southern area of the LB but also indicated a significant sink of anthropogenic nitrogen brought by river input.
Conclusions
The patterns of TOC and TN concentrations and of d 13 C and d
N
in sediments trace the sources of OM in the Bohai Sea. There is a general gradient of decreasing terrigenous OM away from the Yellow River mouth and from the coast to open marine areas, and a concomitant increase in the relative contribution of OM from marine productivity. The sediment texture, marine primary production, fluvial OM deposition rate and current speed jointly determine the spatial patterns. In the YR mouth, the terrigenous OM is rapidly deposited and buried near the delta, and approximately contributes 40e50% to total OM in sediments. In the Central BS and Bohai Strait, marine-derived organic carbon (AOC) dominates in sediments, whereas the terrigenous OM only contributes 10e20%. The highest d
15 N values near the southern coast of the LB indicate a significant input of 15 N-enriched riverine nitrogen linked with anthropogenic activity in the catchments of medium and small rivers that discharge into this bay.
